Abstract: Plasmonic bending beams, which preserve their spatial shapes while propagating along curved trajectories in metal-dielectric interface, offer important applications in the fields of fiber sensor, optical trapping, and micro-nano manipulation. In this work, circular hole array, as a local point-like sources of surface plasmon polaritons, is designed on the metal film to generate multiple plasmonic bending beams. The electric field intensity of multiple plasmonic bending beams is controlled by polarization angle of input light. In addition, the electric filed intensity of multiple plasmonic bending beams relies on circle hole radius. These findings provide guidance in the design and optimization of plasmonic bending beam generators. 
Introduction
Surface plasmon polaritons (SPPs) are electromagnetic waves in two-dimensional system, that consist of collective electron oscillations in metal-dielectric interface decay, thus, their diffraction limits can be surpassed [1, 2] , thereby offering important applications in the fields of photonics and electronics [3] [4] [5] . Plasmonic bending beams, as a specific SPP waves, which preserve their shapes while propagating along desired curved trajectories in metal-dielectric interface, are attracting increased attention. They offer potential applications in the fields of optical trapping [4] [5] [6] and micro-nano manipulation [7] [8] [9] .
Various plasmonic bending beams, such as Airy beam [10] [11] [12] [13] [14] [15] , Weber beam, Mathieu beam, and arbitrary bending beams (propagating along the trajectory of x n , polynomial, and logarithmic) [16] [17] [18] [19] [20] [21] , were reported in the last several years. These beams were achieved using various nanostructure arrays, such as hole array (periodic scatterers) [15] [16] [17] , grains array [18] , two-dimensional binary phase mask gratings [19] [20] [21] , and polymethyl methacrylate microsphere (a specific refractive index structure) [22, 23] . In addition, cosineGauss beam, which propagates in a straight line along metallic surface, was demonstrated by a group of intersecting metal gratings [24] [25] [26] [27] [28] . These studies demonstrate that the phase of SPP waves was controlled to reconstruct arbitrary new SPP wavefront profiles [16, 21, 25] .
Controlling plasmonic complex fields by polarization-sensitive nanostructure arrays are important for enriching the components of nanophotonic devices to analyze the polarization [29, 30] . Various polarization-sensitive nanostructure arrays, such as aperture arrays [29] , Fshaped nanoslits [30] , Δ-shaped nanoantennas [31] , and double-lined distribution nanoslits arrays [32, 33] , were designed to manipulate propagation directional of SPP waves. Multilined distributed nanoslits arrays were designed to achieve focused SPPs [32] [33] [34] . Crossshaped nanoantennas were designed to generate double focused SPPs [35] . Multiple rings of nanoslits with special orientations was designed to control SPP orbitals [36] . Ring-shaped hologram consisting of slit-pair array was designed to achieve switchable SPPs [37] . All of these reports demonstrate that phase and amplitude of the generation SPP beams can be independently controlled by polarization-sensitive nanostructures. These reports also show that these tunable and compact beams have extensive potential applications [32] . However, these beams were mostly controlled by adjusting the structural orientation angles. If users want to control structural orientation angles, they need rebuild the structures, which is not convenient.
In this study, a circular hole array is used as local point-like sources of SPPs to generate SPP wavefront. The desired multiple plasmonic bending beams are generated with propagation along the desired trajectory. The intensity of the electric fields of multiple plasmonic bending beams is controlled by the polarization angle of the input light. In addition, the dependence of the intensity of the electric fields of multiple plasmonic bending beams on the radius of circular hole is studied. All these findings can provide deep applications in designing polarization-controlled plasmonic bending beam generators or polarization sensing devices.
Structure and calculation method
All of motion of electro-magnetic can be described by the Helmholtz equation [19] . Plasmonic bending beams, the solutions of the two-dimensional (propagation in the x-y plane) Helmholtz equation, can be expressed [19, 38] , 2 2 ( , ) ( , ) 0,
where k sp represents the wave-vector of SPPs on the metal surface. E SP (x, y) represents the distribution of SPP waves in x-y plane. Figure 1 shows the geometric diagram of curve arrangement of circular hole array. Every circular hole is regarded as an independent electric field radiation source. Both the amplitude and phase of SPP are controlled by arrangement of circular hole array. In order to achieve the distribution of plasmonic bending beams, the phase modulation method is introduced. Phase φ(x) of the required plasmonic bending beams was calculated utilizing Legendre transform method [18] [19] [20] . The geometric relationship between the phase, the angle θ, and the desired arbitrary bending trajectory f(y) is defined in Fig. 1 where tan
In this study, in order to deduce simply, the case of paraxial sin θ ≈tan θ was applied. The phase of the required plasmonic bending beams was obtained for paraxial regimes [20, 36, [38] [39] [40] 
The position of every radiation source was directly located by the phase ( ) x φ . Fig. 1 . The geometric diagram of several radiation sources; illustration of an arbitrary bending trajectory f(y) and the tangent line, the dull-red circle points represents circle holes array (independent electric field radiation sources E n ).
The configuration of the Au/SiO 2 structure is shown in Fig. 2(a) . The thickness of Au film and SiO 2 substrate are fixed at 0.1 μm and 0.3 μm, respectively. Circular hole arrays are designed on the Au film. The blue block diagram illustrates a local amplification of the structure and the definitions of structural parameters, where r represents the radius of circular hole, D n represents the distance between adjacent radiation sources, β represents the polarization angle between the in-plane incident electric E 0 and the x axis. W and H n represent the distances in x and y direction between adjacent radiation sources, respectively.
In this study, to avoid near-field interaction between adjacent neighboring holes which can reduce the intensity of bending beams, the distance W is set as 0.6 μm. The quadratic curve (f(y) = -ay 2 ) is chosen, where constant a is 1.13 × 10 −2 . According to Eq. (3), the desired phase ( 
Results and discussion
The electric field intensity distribution in the x-y plane is depicted in Fig. 3(a) , with the polarization angle β is 0°, and the radius r is 0.2 μm. It shows that the target plasmonic bending beams (corresponding to symbol I) is generated with the propagation along the desired trajectory. The black solid curve depicts the parabolic curve f(y). Furthermore, the second (corresponding to symbol II) and third (corresponding to symbol III) plasmonic bending beams that propagate along the parabolic curve f(y) are observed. The second and third plasmonic bending beams are also satisfied with the proposed design principle. The transverse electric field intensity distributions at y = −5 μm and x = 17 μm are shown in Fig.  3 (b) and 3(c), respectively. These results demonstrate that multiple plasmonic bending beams are generated by especially designed circular hole arrays. The electric field intensity distributions with different polarization angle β in x-y plane are depicted in Fig. 4 , with the radius r is 0.2 μm. It shows that, as the angle β increases from 0° to 90° [ Fig. 4(a) -4(c) ], the electric field intensities of beams I and II decrease, and the electric field intensity of beam III increases. As the angle β increases from 90° to 180° [ Fig. 4 (c) -4(e)], the electric field intensities of beams I and II increase, and the electric field intensity of beam III decreases.
To understand the relationship between the electric field intensity of SPP waves and the polarization angle β, the radiation properties of a circular hole array are analyzed theoretically. When every circular hole of an array is illuminated by incident light, the surface plasmons are excited and can be regarded as an electric dipole. The electric dipoles can be written as [43] 
The first term represents the interaction between in-plane incident electric field and the circular holes. n δ depends on the radius r of the circular hole and the permittivity of a metal ε m . The second term represents the interaction among the circular holes in the array. The third term represents the field from the propagating SPPs [43] . In this study, the distance between neighboring circular holes is larger than 0.2 μm, and the interaction among other dipoles (the second and third terms) is relatively weak. Every electric dipole in the array is approximated as P n = δ n E 0 . Thus, the electric distribution of the n-electric dipoles can be approximatively The far-field distribution of SPP waves E sp (x, y) from each independent radiation source (electric dipoles) can be obtained as a superposition of the electric fields that are radiated from every source, 
where n is an integer, ... Fig. 4(f) . The intensity of electric field at point B is about 0.14 times of the intensity of incident light wave (magnitude 1V/m). The equation to fit these data is given by
The solid curves in Fig. 4 (f) result in the fitting of Eq. (6). The goodness for beams I, II, and III is 0.969, 0.963, and 0.977, respectively. These results demonstrate that the electric field intensity of multiple plasmonic bending beams (I, II, and III) are controlled by the polarization angle of incident light, which provides a method of dynamic controlling and arbitrarily selecting multiple plasmonic bending beams. The effects of the radius of a circular hole on the multiple plasmonic bending beams are also investigated. Figure 5 (a) -5(c) show the electric field intensities of different circular hole radii (r = 0.1 μm, 0.15 μm, and 0.2 μm) with a polarization angle β = 0°. The transverse electric field intensity of different circular hole radii r at x = 17 μm and y = −5 μm is shown in Fig. 5(d) and 5(e), respectively. As the radius increases, the electric field intensities of the beams increase. Because as the radius of the circular hole increases, the intensity of the radiation electric field of SPPs increases, thereby resulting in the increasing intensities of incident light in the circular hole. In addition, Fig. 5(d) and 5(e) show that as the radius increases to 0.25 μm, the electric field intensities of the beams decrease. As the radius increases (the distance D n is fixed at 0.6 μm), the interaction among dipoles (i.e., the effect of the second and third terms in Eq. (4)) is enhanced and the radiation electric field intensity of SPPs decreased. The electric dipole mode converts to quartic dipole mode, which results in the change of the orientation and intensity of radiation electric field with the increasing radii. Meanwhile, the polar plots of the electric field intensity values of point A, with varied polarization angle β values and varied circular radius r, are shown in Fig. 5(f) . The solid curves represent the fitting values of Eq. (6). These results demonstrate that the value of electric field intensity can be controlled by simply selecting suitable radius circular whole arrays. The third plasmonic bending beams (beam III) is smaller than the other two plasmonic bending beams because the electric field intensity contribution of the top part of beam III is smaller than the beams located far from the circular hole. In addition, the paraxial limit (i.e., θ < 20°) is considered. The results are obtained in the approximation case in this study, where sin tan θ θ ≈ . Thus, the approximation conditions (i.e., θ < 20°) cannot be matched at the top part of the target curve.
Conclusion
In conclusion, a special arrangement of circular hole array is designed on the metal film to generate multiple plasmonic bending beams. Every circular hole of the array is applied as a local point-like source of SPPs and regarded as an independent radiation source. The multiple plasmonic bending beams propagate along the desired trajectory. The electric field intensity of multiple plasmonic bending beams is controlled by the polarization angle. In addition, the radius increases with the electric field intensity. These simulated results are consistent with the theoretical calculation. All these findings offer potential applications in polarization sensors, optical tweezers, and polarization-controlled plasmonic bending beam generators.
